Chapter 88  MEM S Packaging

R.D. Gerke

l. Introduction

MEMS s ardativey new fidd which istied so closdly with slicon processng that most
of the early packaging technologies will most likely use “off-the-shdf” packaging “borrowed”
from the semiconductor microdectronics field. Packaging of microdectronics circuits is the
science and art of establishing interconnections and an gppropriate operating environment for
predominantly eectricad (and in the case of MEMS, dectromechanical) circuits to process
and/or store information.

Packaging manifests itsdf in nove and unique creations that ingenioudy reconcile and
satisfy what seem to be mutudly exclusive gpplication requirements and congraints posed by the
laws of nature and the properties of materials and processes. All gpplications can be summed
up in three terms: cogt, performance and rdiability.

Packaging can span from the consumer to midrange sysems to the high
performance/reliability applications. It must be noted that no sharp boundaries exist between
the classes, only agradud shift from optimization for parameters which control performance and
cause the cogt to increase.  All aong, the rdiability must also be consdered. The packaging
chapter that follows will summarize the primary package types that will likely apply to MEMS
technology and the concerns that traditionaly have concerned the microgectronics fied.

Webgter's dictionary defines package as a group or a number of things, boxed and
offered as a unit. MEMS packages can contain many dectrical and mechanica components.
To be useful to the outside world these components need interconnections. Alone, a MEM die
sawed from a wafer is extremely fragile and must be protected from mechanicd damage and
hostile environments. To function, dectrica circuits need to be supplied with eectrica energy,
which is consumed and transformed into mechanical and thermd (heet) energy. Because the
system operates best within a limited temperature range, packaging must offer an adequate
means for remova of hest.

. Functions of MEM S Packages

The package serves to integrate dl of the components required for a system application
in amanner that minimizes size, cost, mass and complexity. The package provides the interface
between the components and the overdl system. The following subsections present the three
main functions of the MEMS package: mechanica support, protection from the environment,
and dectrical connection to other system components.

166



A. Mechanical Support

Due to the very nature of MEMS being mechanicd, the requirement to support and
protect the device from thermd and mechanicd shock, vibration, high accderation, particles,
and other physicd damage (possibly radiation) during storage and operation of the part
becomes critical. The mechanica stress endured depends on the mission or gpplication. For
example, landing a spacecraft on a planet's surface creates greater mechanical shock than
experienced by a communication sadlite. There is dso a difference between space and
terrestrial applications.

The coefficient of therma expanson (CTE) of the package should be equd to or dightly
gregter than the CTE of slicon for rdiability, snce thermd shock or thermd cycling may cause
die cracking and delamination if the materids are unmaiched or if the dlicon is subject to tendle
dress. Other important parameters are therma resistance of the carrier, the materid's electrica
properties, and its chemica properties, or resistance to corrosion.

Once the MEMS device is supported on a (chip) carrier, the wire bonds or other
electrica connections are made, the assembly must be protected from scratches, particulates,
and other physica damage. Thisisaccomplished either by adding walls and a cover to the base
or by encgpsulating the assembly in plastic or other materid. Since the eectrica connectionsto
the package are usudly made through the walls, the wdls are typicdly made from glass or
ceramic. The glass or ceramic can aso be usad to provide eectricd insulation of the leads as
they exit through a conducting package wall (metal or composite materids). Although the CTE
of the package walls and lid do not have to match the CTE of glicon based MEMS as they are
not in intimate contact (unless an encapsulating materid is used), it should match the CTE of the
carrier or base to which they are connected.

B. Protection From Environment

a) The Smple—Mechanica only

Many MEMS devices are desgned to measure something in the immediate surrounding
environment. These devices range from biologicd ‘sniffers to chemicad MEMS that measure
concentrations of certain types of liquids. So the traditiond ‘hermeticity’ that is generdly
thought of for protecting microeectronic devices may not gpply to dl MEMS devices. These
devices might be directly mounted to a printed circuit board (PCB) or a hybrid-ike ceramic
substrate and have nothing but a ‘housing’ to protect it from mechanicad damage such as
dropping or something as smple as damage from the operator’ s thumb.

b) The Traditiona —Hermetic and non-Hermetic
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Many eements in the environment can cause corrosion or physical damage to the meta
lines of the MEMS as wdll as other components in the package. Although there is no moisture
in space, moidure remans a concern for MEMS in space gpplications since it may be
introduced into the package during fabrication and before seding. The susceptibility of the
MEMS to moisture damage is dependent on the materids used in its manufacture.  For
example, Al lines can corrode quickly in the presence of moisture, whereas Au lines degrade
dowly, if a al, in moisture. Also, junctions of dissmilar metas can corrode in the presence of
moisture. Moigture is readily absorbed by some materias used in the MEMS fabrication, die
attachment, or within the package; this absorption causes swelling, stress, and possibly
delamination.

To minimize these falure mechaniams, MEMS packages for high rdiability gpplications
may need to be hermetic with the base, sdewadls, and lid constructed from materids that are
good barriersto liquids and gases and do not trap gasses thet are later released.

C. Electrical Connection to Other Systemm Components

Because the package is the primary interface between the MEMS and the system, it
must be cgpable of trandferring DC power and in some designs, RF dgnds.  In addition, the
package may be required to distribute the DC and RF power to other components inside the
package. The drive to reduce costs and system sSize by integrating more MEMS and other
components into a single package increases the eectrica distribution problems as the number of
interconnects within the package increases.

When designs aso require high frequency RF signds, the sgnals can be introduced into
the packege aong metd lines passng through the package wadls, or they may be
electromagneticaly coupled into the package through apertures in the package walls. Idedly,
RF energy is coupled between the system and the MEMS without any loss in power, but in
practice, this is not possble since perfect conductors and insulators are not avalable. In
addition, power may be lost to radiation, by reflection from components that are not impedance
meatched, or from discontinuities in the transmisson lines. The find connection between the
MEMS and the DC and RF lines is usudly made with wire bonds, dthough flip-chip die
attachment and multilayer interconnects using thin dielectric may aso be possible.

D. Thermal Condderations

For samdl dgnd circuits, the temperature of the device junction does not increase
subgtantidly during operation, and thermd disspation from the MEMS is not a problem.
However, with the push to increase the integration of MEMS with power from other circuits
such as amplifiers perhaps even within a single package, the temperature rise in the device
junctions can be subgtantial and cause the circuits to operate in an unsafe region.  Therefore,
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thermd disspation requirements for power amplifiers, other large sgnd circuits, and highly
integrated packages can place severe design congtraints on the package design.

The junction temperature of an isolated device can be determined by
T =Q*R + Tease
where

Q isthe heat generated by the junction and is dependent on the output power of the
device and its efficiency,

R isthethermd resistance between the junction and the case, and
T  isthetemperature of the case.

Normaly, the package designer has no control over Q and the case temperature, and
therefore, it is the thermd resstance of the package that must be minimized. Figure 8-1 is a
schemtic representation of the thermd circuit for atypical package, where it is assumed that the
package base isin contact with a heat sink or case.

It is seen that there are three thermd resistances that must be minimized: the resstance
through the package substrate, the resistance through the die-attach materid, and the resstance
through the carrier or package base. Furthermore, the thermal resistance of each is dependent
on the thermd resigtivity and the thickness of the materid. A package base made of metd or
metal composites has very low thermad resistance and therefore does not add substantialy to the
totd ressance. When dectricdly insulating materids are used for bases metd-filled via holes
are routindy used, under the MEMS, to provide a therma path to the heat sink. Although
therma resstance is a congderation in the choice of the die attach materid, adhesion and bond
srength are even more important.  To minimize the therma resistance through the die-atach
materid, the material must be thin, there can be no voids, and the two surfaces to be bonded
should be smooth.
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1. Typesof MEM S Packages

Each MEMS gpplication usudly requires a new package desgn to optimize its
performance or to meet the needs of the system. It is possible to loosdly group packages into
severd categories.  Four of these categories: 1) al metal packages, 2) ceramic, 3) plastic
packages, and 4) thin-film multilayer packages are presented below.

A. Metal Packages

Metal packages are often used for microwave multichip modules and hybrid circuts
because they provide excdlent therma dissipation and excellent eectromagnetic shielding. They
can have a large interna volume while ill maintaining mechanicd religbility. The package can
use ether an integrated base and sdewals with alid or it can have a separate base, Sdewalls,
and lid. Ingde the package, ceramic subgtrates or chip cariers are required for use with the
feedthroughs.

The sdection of the proper metd can be critical.  Cuw (10/90), Silvar™ (a Ni-Fe
dloy), CuMo (15/85), and Cuw (15/85) dl have good therma conductivity and a higher CTE
than silicon, which makes them good choices. Kovar™, a Fe-Ni-Co aloy commonly. All of
the above materids, in addition to Alloy-46, may be used for the Sdewdls and lid. Cu, Ag, or
Au plating of the packagesis commonly done.

Before find assembly, a bake is usudly performed to drive out any trapped gas or
moigture. This reduces the onset of corroson-related falures. During assembly, the highest
temperature curing epoxies or solders should be used firg and subsequent processing
temperatures should decrease until the find lid sedl is done at the lowest temperature to avoid

170



later steps damaging earlier geps. Au-Sn is a commonly used solder that works well when the
two materids to be bonded have smilar CTEs. Au-Sn solder joints of materias with a large
CTE mismatch are susceptible to faigue falures after temperaiure cycling. The AuSn
intermetalics that form tend to be brittle and can accommodate only low amounts of stress.

Weding (using lasers to locdly heet the joint between the two parts without raisng the
temperature of the entire part) is a commonly used dternative to solders. Regardless of the sedl
technology, no voids or misdlignments can be tolerated since they can compromise the package
hermeticity. Hermeticity can aso be affected by the feedthroughs that are required in meta
packages. These feedthroughs are generally made of glass or ceramic and each method (glass
sed or duminum feedthrough) has its weskness. Glass can crack during handling and therma
cycling. The conductor exiting through the ceramic feedthrough may not sed properly due to
metalurgica reasons. Generdly, these failures are due to processng problems as the ceramic
must be metalized so that the conductor (generdly meta) may be soldered (or brazed) to it.
The metdlization process must alow for complete wetting of the conducting pin to the ceramic.
Incomplete wetting can show up as afailure during thermd cycle testing.

B. Ceramic Packages

Ceramic packeges have severd features that make them especidly useful for
microelectronics as well as MEMS. They provide low mass, are easily mass produced, and can
be low in cogt. They can be made hermetic, and can more eadily integrate sgnd digtribution lines
and feedthroughs. They can be machined to perform many different functions. By incorporating
multiple layers of ceramics and interconnect lines, eectrica performance of the package can be
tallored to meet design requirements. These types of packages are generdly referred to as co-
fired multilayer ceramic packages. Detals of the co-fired process are outlined below.
Multilayer ceramic packages adso alow reduced Sze and cost of the tota system by integrating
multiple MEMS and/or other components into a single, hermetic package. These multilayer
packages offer dgnificant sze and mass reduction over meta-waled packages. Most of that
advantage is derived by the use of three dimensionsinstead of two for interconnect lines.

Co-fired ceramic packages are congtructed from individud pieces of ceramic in the
"green” or unfired sate. These materids are thin, plidble films. During a typica process, the
films are dretched across a frame in a way smilar to that used by an artist to stretch a canvas
across a frame. On each layer, meta lines are deposited using thick-film processing (usudly
screen printing), and via holes for interlayer interconnects are drilled or punched. After dl of the
layers have been fabricated, the unfired pieces are stacked and aligned using regidration holes
and laminated together. Findly, the pat is fired & a high temperature.  The MEMS and
possbly other components are then attached into place (usudly organicaly (epoxy) or
metallurgically (solders), and wire bonds are made the same as those used for meta packages.
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Severd problems can affect the reiability of this package type. Firg, the green-date
ceramic shrinks during the firing slep. The amount of shrinkage is dependent on the number and
position of via holes and wells cut into each layer. Therefore, different layers may shrink more
than others creating stress in the final package. Second, because ceramic-to-metal adhesion is
not as strong as ceramic-to-ceramic adhesion, sufficient ceramic surface area must be available
to assure a good bond between layers. This diminates the possibility of continuous ground
planes for power digtribution and shielding. Instead, metd grids are used for these purposes.
Third, the processng temperature and ceramic properties limit the choice of metd lines. To
eliminate warping, the shrinkage rate of the metad and ceramic must be matched. Also, the metd
must not react chemicaly with the ceramic during the firing process. The metas most frequently
used ae W and Mo. There is a class of Low Temperature Co-fired Ceramic (LTCC)
packages. The conductors that are generdly used are Ag, AgPd, Au, and AuPt. Ag migration
has been reported to occur a high temperatures, high humidity, and adong faults in the ceramic
of LTCC.

C. Thin-Film Multilayer Packages

Within the broad subject of thin-film multilayer packages, two generd technologies are
used. One uses sheets of polyimide laminated together in a way Smilar to that used for the
LTCC packages described above, except afind firing is not required. Each individua sheet is
typicdly 25 mm and is processed separatdly using thin-film metd processng. The second
technique aso uses polyimide, but each layer is spun onto and baked on the carrier or substrate
to form 1- to 20 nm-thick layers. In this method, via holes are either wet etched or reactive ion
etched (RIE). The polyimide for both methods has a relative permittivity of 2.8 to 3.2. Since
the permittivity is low and the layers are thin, the same characterigtic impedance lines can be
fabricated with less lineto-line coupling; therefore, closer spacing of lines is possble. In
addition, the low permittivity resultsin low line capacitance and therefore faster circuits.

D. Plastic Packages

Plastic packages have been widdy used by the eectronics industry for many years and
for dmost every gpplication because of ther low manufacturing cost.  High rdiability
goplications are an exception because serious rdiability questions have been raised. Plastic
packages are not hermetic, and hermetic seds are generdly required for high reiability
goplications. The packages are dso susceptible to cracking in humid environments during
temperature cycling of the surface mount assembly of the package to the mother-board. Plastic
packaging for space gpplications may gain acceptability as time goes on.  The reiability of
plastic packagesis presented in Section 8-V.
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V. Package-to-M EM S Attachment

The method used to attach a MEMS device to a package is a generd technology applicable to
most Integrated Circuit (IC) devices. Generdly referred to as die attach, the function serves
severd citica functions. The main function is to provide good mechanica attachment of the
MEMS dstructure to the package base. This ensures that the MEMS chip (or die) does not
move relative to the package base. It must survive hot and cold temperatures, moisture, shock
and vibration. The attachment may aso be required to provide a good therma path between
the MEMSS structure and the package base.  Should heat be generated by the MEM S structure
or by the support circuitry, the attachment material should be able to conduct the heat from the
chip to the package base. The heat can be conducted away from the chip and ‘spread’ to the
package base which is larger in Size and has more therma mass. This spreading can keep the
device operating in the desred temperature range.  If the support circuitry requires good
electrica contact from the silicon to the package base, the attachment material should be able to
accommodeate the task.

173



The stability and rdliahility of the atach materid islargdy dictated by the ability of the materid to
withgtand thermomechanica stresses created by the differences in the coefficient of therma
expanson (CTE) between the MEMS dlicon and the package base materid. These stresses
are concentrated at the interface between the MEMS silicon backside and the attach materia
and the interface between the die attach materia and the package base. Silicon has a CTE
between 2 and 3 ppm/°C while most package bases have higher CTE (6 to 20 ppm/°C). An
expression which relates the number of thermad cycles that a die atach can withstand before
falure is based on the Coffin-Manson rdationship for srain. The equation below defines the
casefor die atach,

a2 2*t o]
N (f ) u g 9 * * -
eL*DCTE* DT g
where
g = shear strain
m = materid congtant
L = diagond length of the die
T = die-attach materia thickness
COMPRESSIVE MEMS DEVICE COMPRESSIVE
STRESS DIEATTACH MATERIAL STRESS

Figure8-2: MEM Sdevicein compression.

Voids in the die attach material cause aress of localized stress concentration that can
lead to premature delamination. Presently, MEMS packages use solders, adhesives or epoxies
for die attach. Each method has advantages and disadvantages that affect the overal MEMS
reliability. Generdly, when a solder is used, the silicon die would have a gold backing. Au-Sn
(80-20) solder generdly is used and forms an Au-Sn eutectic when the assembly is hested to
approximately 250°C in the presence of a forming gas. When this method is gpplied, a single
rigid assembled part with low therma and electrical resistances between the MEMS device and
the package. One problem with this attachment method is that the solder attach is rigid (and
brittle) which meansiit is critica for the MEMS device and the package CTES match since the
solder cannot absorb the stresses.
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Adhesives and epoxies are comprised of a bonding materid filled with metd flakes as
shown in the figure. Typicaly, Ag flakes are used as the metd filler since it has good dectrical
conductivity and has been shown not to migrate through the die attach materia.[1,2] These die
attach materias have the advantage of lower process temperatures. Generaly between 100 and
200 °C are required to cure the materid. They dso have a lower built-in stress from the
assembly process as compared to solder attachment.  Furthermore, since the die attach does
not create arigid assembly, shear stresses caused by therma cycling and mechanicdl forces are
relieved to some extent.[3,4] One particular disadvantage of the soft die attach materids are
that they have a dgnificantly higher eectrica resdivity which is 10 to 50 times greater than
solder and a therma resigtivity which is 5 to 10 times greater than solder. Lastly, humidity has
been shown to increase the aging process of the die-attach materid.[2]

MEMS DEVICE

Ag Flakes

RS S P& =P g
S 7 DIEATTACH MATERIAISS &

PACKAGE BASE
Figure8-3: Schematicrepresentation of silver filled epoxy resin.

V. Chip Scale Packaging

A. Flip Chip

Controlled Collgpse Chip Connection (C4) is an interconnect technology developed by
IBM during the 1960s as an dterndtive to manud wire bonding.

Often cdled "flip-chip,” C4 attaches a chip with the circuitry facing the subgtrate. C4
uses solder bumps (C4 Bumps) deposited through a Bump Mask onto wettable chip pads that
connect to matching wettable substrate pads (Figure 8-4). MEMS technology initidly may not
use flip chip packaging but the drive toward miniaturization may necesstate its incorporation into
future designs.

"Hipped" chips dign to corresponding substrate metd patterns.  Electricd and
mechanica interconnects are formed smultaneoudy by reflowing the C4 Bumps (Figure 8-5).
The C4 joining process is sAf-digning, i.e., the wetting action of the solder will dign the chip's
bump pattern to the corresponding substrate pads. This action compensates for dight chip-to-
Subgtrate misdignment (up to severd mils) incurred during chip placement.
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An added festure of C4 is the ability to rework. Severa techniques exigt that alow for
removal and replacement of C4 chips without scrapping the chip or subgtrate. In fact, rework
can be performed numerous times without degrading qudity or religbility.

Substrate Pads

Figure8-4: C4 (Controlled Collapse Chip Connection) flip chip.

For improved rdiability, chip underfill may be injected between the joined chip and
subdtrate as illugtrated in Figure 8-5. It should be noted that any rework must be performed
prior to gpplication of chip underfill.

Cc4 Blump Chip Underfill

Chip
Ll A AL Sy AE A Ay AP

\ N

Figure8-5: Mechanical and electrical connections.

It is important to recognize certain C4 characteristics when deciding on an interconnect
technology. While gpplication, size, performance, reliability and cost al must be factored in the
selection process. However, these factors cannot be gpplied to the chip or product only. The
overdl impact at the sysem level must be considered for an equivaent comparison.
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The primary advantage of C4 isits enabling characterigtics. Specific advantagesinclude:

o Szeand weight reduction

o Applicability for exigting chip designs
0 Increased |/0 capability

o Performance enhancement

0 Increased production capability

o Rework/chip replacement

Key congderations include:

o Additiona wafer processng vs. wire bond
o Supplementd design groundrules
o Wafer probe complexity for array bump patterns

o Uniquethermd congderations

Most importantly, C4 provides performance, size and 1/O dengty improvements. With C4,
nearly the entire chip surface can be utilized for interconnect pad locations. In fact, it has been
demongtrated that one can have over 2500 C4 Bumps on a chip, and chipswith over 1500 C4
Bumps are in production.

C4 enables increased interconnect density. Signdl, clock and power connections can be placed
amogt anywhere on the chip and redundancy means digtributions can be optimized for minimum
noise and skew, current dendty and line length. Additionaly, on-chip wiring can be reduced
since z-axis escapes are available where needed.
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Figure 8-6 compares single row wirebond and C4 chips. Each chip is 8 mm (200 mil) square.
Wirebond pitch is 76 nm (3 mil) pads on 100 mm (4 mil) centers. C4 pitch is 100 mm (4 mil)
bumps on 230 mm (9 mil) centers. In this example, interconnect density isincreased over 140%
using C4.
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Figure 8-6: Interconnect density (wirebond vs. C4).

The religbility of flip-chip contacts is determined by the difference in the CTE between
the chip and the ceramic substrate or the organic printed circuit board (PCB). For example, the
CTE for silicon is~2 — 3 ppm/°K,, for 96% duminait is 6.4 ppm/°K, and for PCB it is typicdly
20 to 25 ppn/°K. The CTE mismatch between the chip and the carrier induces high therma
and mechanical stresses and strain at the contact bumps. The highest strain occurs at the corner
joints, whose distance is the largest from the distance neutrd point (DNP) on the chip. For
example, the DNP for a2.5- x 25-mm chip is 1.7 mm. The thermomechanica stress and strain
cause the joints to crack. When these cracks become large, the contact resistance increases,
and the flow of current is inhibited. This ultimately leads to chip eectricd falure. The typicd
reliability defined failure criterion is an increase in resstance in excess of 30 MWV over the zero
time vaue[5] The tradeoff in sdecting the bump height is that large bumps introduce a series
inductance that degrades high-frequency performance and increases the therma resistance from
the device to the carrier, if that isthe primary heet path.

The riability of the bump joints is improved if, after reflow, a bead of encagpsulating
epoxy resin is dispensed near the chip and drawn by capillary action into the space between the
chip and the carrier. The epoxy is then cured to provide the find flip-chip assembly. Figure 8-5
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shows atypicd flip-chip package. The epoxy-resin underfill mechanicaly couples the chip and
the carrier and localy condrains the CTE mismaich, thus improving the reliability of the joints.
The mogt essentid characteridtic of the encagpsulant is a good CTE match with the z-expanson
of the solder or the bump materid. For example, if one uses 95 Pb/5 Sn solder having a CTE
of 28 ppmv°K, an encapsulant with a CTE of about 25 ppm/°K is recommended. Undefilling
aso dlows packaging of larger chips by increasing the alowable DNP. In some cases, the
encapsulant acts as a protective layer on the active surface of the chip

Good adhesion among the underfill materid, the carrier, and the chip surface is needed
for stress compensation.  The adhesion between the surfaces can be lost and delamination can
take place if contaminants, such as post-reflow flux residue, are present. For this reason, a
fluxless process for flip-chip assembly is desirable[5] Unfortunately, flip-chip bonding on PCB
requires the use of flux.[6] However, on ceramic carriers with gold, slver, and paladium-silver
thick-film patterns and via metdlizations, fluxless flipchip thermocompresson bonding with gold-
tin bumps has demongtrated high rdiability.[5] The results of reigbility testing[5] are summarized
in Table 8-1 and may serve as aguiddine for future work.

Parameter
Bump height 30to 70 nm
Chip size A few mm
Chip carrier Ceramic
Carrier camber 5 nm per cm
Camber compensation By bump deformation
Underfill Yes
Therma cycling After 6500 cycles (-55°C to +125°C), no contact failure and no

change in contact resistance

High-temperature storage | After 1000 h, no increase in contact resistance

Temperature and humidity | After 1000 h (85C and 85% RH), no change in contact
resistance

Pressure-cooker test After 1000 h (121°C and 29.7 psi), contact resistance increased
dightly from 3 mW to 4 mW

Table8-1: Summary of reiability test conditionsand resultsfor fluxlessflip-chip thermocompression-
bonded bump contacts.

Finally, care should be taken that the encapsulant or underfill covers the entire undersde
without air pockets or voids, and forms complete edge fillets around dl four sdes of the chip.
Voids cregte high-stress concentrations and may lead to early delamination of the encapsulant.
After assembly, a scanning acoustic microscope can be used to locate voids in the encapsulant.
The encapsulant should aso be checked for microcracks or surface flaws, which have a
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tendency to propagate with thermd cycling and environmenta attacks, eventudly leading to chip
falure[7]

B. Ball-Grid-Array (BGA)

Bdl Grid Array is a surface mount chip package that uses a grid of solder bals as its
connectors. It is noted for its compact sSize, high lead count and low inductance, which alows
lower voltages to be used. BGAs come in plastic and ceramic varieties. It essentialy has
evolved from the C4 technology whereas more I/Os can be utilized in the same area as in a
peripherdly leaded package (or chip). The CBGA and PBGA are not truly Chip Scde
Packaging but the evolution to the MBGA has come out of the experience the industry has
gained from the CBGA and PBGA packages.

) Ceramic Ball-Grid-Array (CBGA)

Origindly desgned by IBM, the CBGA was developed to complement their C4 (flip-
chip) technology. The package is comprised of a ceramic (alumina) substrate and a C4 chip
and an duminum lid as depicted in Figure 8-7. The bal-grid spacing is on 50 mil centers with
solder balls composed of high melt solder (90/10 P/Sn) attached by eutectic solder (63/37
S/Po). Recent designs have concentrated on miniaturization and have reduced the package
Sze and utilized 40 mil on center solder balls,
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Figure8-7: Ceramic Ball-Grid-Array Package shown with connections on 50 mil centerswith a) top
view, b) sdeview and c) bottom view illustrating the high number of connections.
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Aluminum covers that have typicaly been used with the C4 technology have been bonded
with a slicone adhesive (Sylgard 577) to provide a non-hermetic sed.  With the flip-chip
technology this is usualy adequate for most applications. A hermetic sedl can be accomplished
by designing a sed ring into the ceramic and using a Ni/Fe cover plate for soldering.

The package as described above has a cavity which would alow for typicd chip-and-wire
technology to be utilized. A MEMS device could be utilized in the wire bond package
configuration first and migrate to use as aflip-chip in later desgns.

i) Plastic Ball-Grid-Array (PBGA)

The Plagtic Ball-Grid-Array (PBGA) is very amilar to the plastic packaging technology
described in Section 8-V. It is based on the same chip-and-wire technology and has moisture
sengitivity (i.e,, susceptible to ‘popcorn’ cracking during solder reflow) issues judt like plastic
packaging. It is different in that it is built on a printed circuit board subgirate rather than a
leadframe (metal) materid (Figure 8-8). The attach method (to the motherboard) is
accomplished by soldering solder bals or bumps rather than leads.

mold compound o mfm plated thru hole
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Figure8-8: A schematic representaion of a Plastic Ball-Grid-Array Package.

One advantage this technology has over conventiond plastic packaging is that the PC
board materia (which can vary from FR4 to polyimide to BT resin to name afew materids) can
be asmple 2 layer board or be made of multiple layers. Additiona layers dlow for power and
ground planes.

i) Micro-Ball-Grid-Array (mBGA)

NBGA is atrue “Chip Scde Package’ (CSP) solution, only dightly larger than the die
itsdf (die + 0.5mm). It isthe ided package for dl memory devices such as Flash, DRAM and
SRAM. UBGA packages enable broad red-estate reductions of typicaly 50-80 percent over
exiging packages. End use applications include cel phones, sub-notebooks, PDAS,
camcorders, disk drives, and other space-sendgitive applications. This package is aso an
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excdlent solution for gpplications that require a smdler, thinner, lighter or dectricdly enhanced
package. It therefore lends itsdf nicely to space flight applications.

The uBGA package is congructed utilizing a thin, flexible circuit tape for its substrate
and low gress elastomer for die attachment. The die is mounted face down and its eectrica
pads are connected to the subgirate in a method smilar to TAB bonding. After bonding these
leads to the die, the leads are encapsulated with an epoxy materid for protection. Solder balls
are attached to pads on the bottom of the substrate, in arectangular matrix Smilar to other BGA
packages. The backside of the die is exposed dlowing heat sinking if required for therma
gpplications. Ball pitches available today are 0.50, 0.75, 0.80, and 1.0 mm. Other features and
benefits include: 0.9 mm mounted height, excellent dectricd and moisture performance, 63/37
S/Pb solder bdls, and full in-house design services.

VI.  Multichip Packaging

A. MCM/HDI

Multichip packaging of MEMS can be a viable means of integrating MEMS with other
microelectronic technologies such as CMOS. One of the primary advantages of using multichip
packaging as a vehicdle for MEMS and microdectronics is the ability to efficiently host die from
different or incompatible fabrication processes into a common subgtrate.  High performance
multichip module (MCM) technology has progressed rapidly in the past decade, which makes it
attractive for use with MEMS.

The Chip-on-Flex (COF) process has been adapted for the packaging of MEMS,[§]
One of the primary aress of the work was reducing the potentia for heat damage to the MEMS
devices during laser ablation. Additiond processing has aso been added to minimize the impact
of incidentdl residue on the die[9]

i) COF/HDI Technology

COF isan extenson of the HDI technology developed in the late 1980's. The standard
HDI "chips fird" process condsts of embedding bare die in cavities milled into a ceramic
subgrate and then fabricating a layered thinfilm interconnect structure on top of the
components. Each layer in the HDI interconnect overlay is congtructed by bonding a didectric
film on the subgrate and forming via holes through laser ablation. The metdlization is crested
through sputtering and photolithography.[10]

COF processng retains the interconnect overlay used in HDI, but molded pladtic is
used in place of the ceramic substrate. Figure 8-9 shows the COF process flow. Unlike HDI,
the interconnect overlay is prefabricated before chip attachment. After the chip(s) have been
bonded to the overlay, a subdrate is formed around the components using a plastic mold
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forming process such as transfer, compression, or injection molding. Vias are then laser drilled
to the component bond pads and the metdlization is sputtered and patterned to form the low
impedance interconnects[11]

For MEMS packaging, the COF process is augmented by adding a processing step for
laser ablating large windows in the interconnect overlay to dlow physica access to the MEMS
devices. Figure 810 depicts the additional laser ablation step for MEMS packaging.
Additiond plasma etching is dso included after the via and large area laser ablaions to minimize
adhesive and polyimide residue which accumulates in the exposed windows.

|, Fabricate overlay and pattern copper inperconpects

- T Uliradel {polyimide)

1. Apply adhesive and bond doe o overlay

i DIE DIE |

1. Mold plastic substrate arcund die

Figure8-9: Chip-on-Flex (COF) processflow.[1]

Laser ablated windows for MEMS access

MEMS DIE ¢

CMOS DIE
Si02 . PLASTIC SUBSTRATE 4% £
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Figure8-10: Largeareaablation for MEM Saccessin COF package.

i)  MEMSTest Chip

MEMS test die can be used in research to assess the impact of various packaging
technologieson MEMS. Test dietypicaly contain devices and structures designed to facilitate a
sructured method of monitoring the health of MEMS devices after packaging.

Surface micromachined test die have been avallable through the Multi-Ussr MEMS
Processes (MUMPs). The MUMPs process has three structurd layers of polysilicon which are
separated by sacrificid layers of slicon oxide. The subgrate is dectricaly isolated from the
polyslicon layers by a slicon nitride barrier.  The top layer of the process is gold and is
provided to facilitate low-impedance wiring of the MEMS devices but can aso be used as a
reflective surface for optical devices. Table 8-2 lists nomind thicknesses of the various layers,
and Figure 8-11 shows a cross-sectiond view of anotional MUMPs layoui.

Layer Thickness (hm)

Gold 0.5
Poly 2 15
2" Oxide 0.75
Poly 1 2.0
1% Oxide 2.0
Poly 0 0.5
Nitride 0.6

Table8-2: MUMPslayer thickness.[10]
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Figure8-11: Cross-section of MUM Pslayout.[10]

Among the test structures on the test die are breakage detectors to monitor excess force
and polysilicon resistors to monitor excess heating. Other devices on the die are representative
of MEMS sructures which might be used in an actud application. Table 8-3 ligts generd
categories of devices on the surface micromachining test die.

Device Category

Breakage Detectors
Polysilicon Resgtors
Variable Capacitors
Flip-up and Rotating Devices
Thermd Actuators
Electrogtatic Piston Mirrors
Electrogtatic Comb Drives

Table8-3: MEM Sdevice categoriesincluded on surface micromachining test die.

The bulk micromachining test die was fabricated through MOSIS using the Orbit
CMOS MEMS process. The CMOS MEMS process is based on the standard 2 mm CMOS
technology. The CMOS process has two meta and two polyslicon layers.  Additiona
processing is added to alow MEMS fabrication. Provisons are made to specify cuts in the
overglass to expose the silicon substrate for bulk micromachining. In addition, regions of boron
doping can be specified to form etch steps for anisotropic silicon etchants such as ethylene
diamine Pyrocatechol (EDP) and potassum hydroxide (KOH). These tools alow for bulk
micromachining to be accomplished in the standard CMOS process[12] Table 8-4 lists some
of the device categories represented on our bulk micromachining test die. A sampling of

integrated circuits such as ring oscillators for testing package interconnects was adso included on
the test die.

Device Category

Breakage Detectors
Polyslicon Resistors
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Cantilevers
Suspended Structures
Thermd Bimorphs

Table8-4: MEM Sdevice categoriesincluded on bulk micromachining test die.

COF overlay ——

Micromirror
arrays

Flip-up
Fresnel lens

Figure8-12: Windowslaser ablated in COF overly for MEM S access.[9]

B. System on a Chip (SOAC)

System on a chip may not necessarily be classfied as a packaging technology. It is
derived from the wafer fabrication process where numerous individua functions are processed
on asingle piece of dlicon. These processes, generdly CMOS technology, are compatible with
the MEMSS processing technology. Most SOAC chips are designed with a microprocessor of
some type, some memory, some signa processing and others. It is very conceivable that a
MEMS device could one day be incorporated on a SOAC. Initidly, it may be incorporated by
some other packaging technology such asflip chip or TBGA.

VIl. Plastic Packaging (PEMYS)

Most MEM S designs either have moving parts or do not alow for intimate contact of an
encgpsulating materia such as in a traditiond plastic package. Furthermore, plastic packages
have not gained wide acceptance in the field of space applications. However, there are many
semiconductor designs that are beginning to be flown in space gpplications. Programs such as
Commercid of the Shdf (COTS) which include Plastic Encapsulated Microdectronics (PEMS)
are gaining wide acceptance. It is therefore important to outline the basic issues in PEMSs for
MEMS agpplications.
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Studies have shown that during the high-temperature soldering process encountered
while mounting packaged semiconductor devices on circuit boards, moisture present in a plastic
package can vaporize and exert stress on the package. This stress causes the package to crack
and aso causes delamination between the mold compound and the lead frame or die. This
phenomenon is often referred to as ‘popcorn’ cracking. These effects are most pronounced if
the package has greater than 0.23% absorbed moisture before solder reflow.[13] Figure 8-13
shows atypicd example of a package crack. The mismatch in therma expansion coefficients of
the package's components also induces stresses. If these combined stresses are greater than the
fracture strength of the plastic, cracks will develop. The cracks can provide a path for ionic
contaminants to reach the die surface, and/or die delamination can cause wire-bond failure.
Hence, these are reliability concerns.

GOLD BOND WIRE / DIE MOLD COMPOUND

I d LEADS
————— >
/ DIE ATTACH/ \ DIE PADDLE

CRACK

Figure 8-13: Typical plastic package showing the onset of a crack.

JEDEC defines five classes for moisture resistance of plastic packages and sengitivity to
‘popcorning’. Class 1 is defined as unlimited exposure to moisture and the package will ill not
exhibit ddamination during the surface mount operation. Class 5 can tolerate minimd exposure
to moisture before it needs to be dried (by baking in an oven set at ~125°C for a duration of 8
to 24 hours depending on the package). Classes 2 through 4 are defined as somewhere in
between the extremes. Most commercia packages are classfied as class 3 moisture resistant.

To overcome the delamination problem, results derived from numericd smulation and
experimental data can serve as a guide in the sdection of suitable molding compound
properties[14] The properties consdered are the adhesion strength, S, and the coefficient of
therma expanson, a. These results are summarized in Figure 8-14.
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Figure8-14: Mold compound properties.

The amount of moisture a particular package design can take up prior to delamination and
catastrophic popcorning can be empiricaly determined as shown in Figure 8-15. As can be seen, a
high moisture environment (as well as high temperature) greetly reduces the amount of time on a
production floor prior to the surface mount operation.
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Figure 8-15: Moistureweight gain of a plastic package exposed to two different moisture conditions.

Alsp, it has been shown that polyimide die overcoat, or PIX, can reduce the percent of die
or pad ddamination by up to 30% on parts subjected to temperature cycling.[13,15] This PIX
coating can mechanicaly support air bridges during plastic encapsulation, provide a more uniform
electrical environment for the die, and provide protection to the surface of the die. Figure 8-16
shows cross sections of three PIX-treated dies. It has been reported that the PIX shown in Figure
8-16(a) yidds the best improvement in reliability.[13] The PIXs shown in 8-16(b) and (c) are not as
desirable, because, respectively, they cause wirebond stress and do not protect the die surface.
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Figure 8-16: Polyimidedie overcoat (P1X) on MEM Sdie: (a) PIX on MEM Stop surfaceonly, (b) PIX on
MEM S and package frame, and (c) PIX on package frame and sdesof MEM Sonly.

The last mechanisms by which a chip can fal in a plastic package are caused by bond-
wire sweep and lift-off, which in turn are caused by the viscous flow of the molten plastic mold
compound. The viscosty of the molten pladtic is a function of the filler particle sze and
concentration.  Figure 8-17 shows the typica geometries of wire bonds with different die
sttings. Studieq16] show that of the three wire bonds, the one with the raised die experiences
the largest maximum displacement.  Further, the raised die and the downset die experience
maximum stress at the ball bonds. In these cases, plastic deformation of the bal bonds is a
magor cause of failure. In contragt, the wire bond for the double-downset die suffers only eagtic

deformation.  Thus, the double downset is the recommended device layout to minimize bond
wire sweep.
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Figure8-17: Typical geometry of wirebond with different die settings: (a) raised, (b) downset, (c) double
downset.
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